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The torsional oscillator experiments described here examine the effect of disorder on the nonclas-
sical rotational inertia (NCRI) of a solid 4He sample. The NCRI increases with increasing disorder,
but the period changes responsible for this increase occur primarily at higher temperatures. Contrary
to expectations based on a supersolid scenario, the oscillator period remains relatively unaffected
at the lowest temperatures. This result points to a nonsuperfluid origin for the NCRI.
PACS numbers: 67:80.bd,66.30.Ma
The work reported here investigates the changes in
the period of a torsional oscillator (TO) containing a
solid hcp 4He sample as a result of plastic deformation
of the sample. In the pioneering experiments of Kim and
Chan1,2 (KC) at Penn State, a decrease in the period of a
TO containing a solid 4He sample was observed for tem-
peratures below 250 mK. KC interpreted the period de-
crease in terms of an onset of the growth of non-classical
rotational inertia (NCRI)3 arising from a superfluid-like
decoupling of a fraction of the solid 4He moment of iner-
tia from the TO. In subsequent work, Kim et al4 showed
that the magnitude of the non-classical rotational inertia
fraction (NCRIF) is sensitive to 3He impurity concentra-
tions. The Penn State group also found a sensitivity to
the method of sample preparation.5 The experiments of
Rittner and Reppy6 demonstrated that annealing of the
solid 4He samples can greatly reduce the magnitude of
the NCRI signal, suggesting that the level of disorder in
the sample plays an important role in this phenomenon.
In a series of interesting experiments, Day and
Beamish7 (DB) have studied the shear modulus, µ, of
solid 4He. They find an anomalous increase, ∆µ, in the
shear modulus at low temperatures which bears a striking
resemblance to the temperature dependence of the NCRI
signals observed in the TO experiments. DB argue that
the temperature dependence of the shear modulus and
the related phenomena can be understood in terms of the
pinning of dislocation lines by 3He as the temperature is
lowered. Although it is tempting to attempt to explain
the TO results in terms of the changes in the shear mod-
ulus, calculation8 shows that the 10 to 20% variations
seen in the modulus by DB are far too small to explain
the TO results. West et al9 also report an increase in the
shear modulus for hcp 3He. However, the NCRI signa-
ture is absent in 3He experiments, which suggests a role
for quantum statistics in these experiments.
The aim of the current experiment was to determine
the influence on the NCRI of disorder induced by the
plastic deformation of a solid 4He TO sample. Plastic de-
formation of solid 4He is known to result in the creation
of dense populations of dislocations in the solid.10−13 The
deformation of the solid and the accompanying genera-
tion of a high-density population of dislocations was ex-
pected to lead to an increase in the NCRI signal, as has
been confirmed by this experiment.
The TO cell used for the current experiments is shown
in Figure 1. At low temperatures the frequency of the
TO is 818 Hz and the rim velocity is in the range of 10
to 20 µm/s. An inner cylinder, attached to the flexible
diaphragm at the top of the cell, defines an annular re-
gion containing the solid 4He sample. It has a height
of 0.917cm, a radial gap of 0.032 cm, and a mean ra-
dius of 0.714 cm. The gaps at the top and bottom of
the inner cylinder are 0.025 cm. The TO period at liq-
uid helium temperatures is 1.219 ms and the total period
shift for a solid sample with a density of 0.200 gm/cm3
is calculated to be 185 ns. A Straty-Adams (SA) capaci-
tance gauge14 with mbar pressure sensitivity is mounted
on the upper side of the diaphragm and the region sur-
rounding the gauge is enclosed, with a fill line added to
allow the volume above the diaphragm to be filled with
liquid 4He. Hydrostatic pressure can then be applied to
the diaphragm to produce a controlled displacement of
the diaphragm and the attached inner cylinder. More
details of this technique are given in Rittner et al.15 The
displacement is monitored by the capacitance of the SA
gauge, suitably corrected for the pressure-dependent di-
electric constant of the liquid helium between the plate
capacitor plates. Since the TO has a pressure sensitiv-
ity of 0.88 ns/bar, the sample pressure is monitored with
the SA gauge to insure that period shifts observed in the
course of the experiment are not due to pressure changes
within the cell.
The maximum pressure that can be applied to the di-
aphragm is limited to the melting pressure of 4He at low
temperature. At this pressure, the inner cylinder is dis-
placed by 1.9 µm relative to the outer wall of the cell,
resulting in a shear strain in the annulus of 5.9 x 10−3.
This level of strain is well above the threshold for the
plastic deformation of hcp 4He.7 The solid 4He samples
are formed by the blocked capillary (BC) method, us-
ing standard 4He (0.3 ppm 3He impurity). The cell is
initially filled with liquid to a pressure near 60 bar, then
cooled to freeze the sample. At the completion of freezing
the sample pressure has been reduced to about 40 bar.
Sample formation by the BC technique results in a poly-
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2FIG. 1: The torsional oscillator, consisting of three sections,
is shown in cross section. The body and torsion rod are made
from a single piece of hardened BeCu alloy. The other sec-
tions, including the flexible diaphragm, were machined from a
high strength aluminum alloy. The Straty-Adams gauge elec-
trodes are brass, and the upper fill line consists of a section
of CuNi tubing with an internal diameter of 0.01 cm.
crystalline sample with a relatively high degree of initial
disorder. In an attempt to reduce the initial degree of
FIG. 2: Period data for the initial sample of bulk solid 4He
are shown in red as a function of temperature. The period
data obtained following the deformation of the sample by an
application of 10.3 bar to the flexible diaphragm are plotted
in blue. The bottom data, plotted in black, are the period
data for the empty cell shifted upward by 110 ns.
disorder, most samples are annealed for up to 20 hours
at temperatures above 1 K. In Figure 2 the period data
are shown for a 4He sample with two different levels of
disorder. Period data for the empty cell, shifted to match
the other data sets at 20 mK, are also shown. The mag-
nitude of the NCRI signal, is determined in the usual way
by subtracting the raw period data from a linear “back-
ground” function determined by a fit to the period data
above the onset temperature. The initial sample, middle
data set in Figure 2, was cooled to 20 mK after being
annealed at 1.6 K. The magnitude of the NCRI for this
sample was 9.1 ns for a 4.9% NCRIF . The temperature
was raised then to 250 mK, and 4He was slowly condensed
into the volume above the diaphragm. When this volume
was full, the pressure was raised to 10.3 bar, to produce
a 0.81 µm displacement of the inner cylinder and a shear
strain of 2.55 x 10−3. The pressure was then reduced to
near zero by pumping on the fill line, thus returning the
diaphragm and inner cylinder to their original positions.
The upper data set was obtained following the deforma-
tion of the sample. The NCRI has now increased to 12.6
ns or a 6.8% NCRIF. There are two important features:
1) the TO period is increased over a wide temperature
range above the “supersolid” onset; 2) the increase in the
period approaches zero as the temperature is reduced to
20 mK.
The effect of the deformation on the TO period is most
clearly displayed by subtracting the period data for the
undeformed sample from the period values after defor-
mation. These data are shown in Figure 3. These data
FIG. 3: Data for the period shift between the period following
deformation and the period of the initial sample are plotted
as functions of the temperature. The lower data set, in red,
was obtained after a pressure of 10.3 bar had been applied to
the flexible diaphragm, while the second set with the larger
period increase was obtained after the application of 13.8 bar.
present a remarkable contrast to expectations based on
a scenario of a superfluid-like decoupling of a fraction of
the solid moment of inertia. In this scenario, the sample
is assumed to be firmly locked to the oscillator above the
NCRI onset temperature, and it should be unaffected
by the degree of disorder. Thus, the major changes in
period, reflecting the growth of the NCRI signal, would
occur at temperatures below the onset, rather than at
high temperatures as seen in this experiment.
The data for the total dissipation, Q−1total, for the TO
corresponding to the period data of Figure 2 are shown in
Figure 4 in an unshifted form. The total dissipation can
be expressed as the sum of the individual contributions
3FIG. 4: Dissipation data for the empty cell are plotted in
black, the initial sample in red, and the data for the sample
after deformation in blue. Note that the dissipation data for
the empty cell have not been shifted. At the lowest tempera-
ture all three data sets have the same dissipation.
from the empty cell dissipation and dissipation due to the
solid, Q−1total = Q−1empty cell + Q−1solid. At the lowest
temperature, the dissipation of the empty cell accounts
for the entire TO dissipation, with no additional con-
tribution from the solid sample. As the temperature is
increased, the solid contribution to the dissipation grows
and passes through a peak in the neighborhood of 100
mK. As the temperature is raised above onset, the solid
continues to make a substantial contribution to the total
dissipation of the TO above the NCRI onset. Again, this
behavior for the dissipation is contrary to what would
be expected in the supersolid scenario, where the solid
is locked to the TO and should contribute little if any
additional dissipation. The dissipative dynamics of the
solid 4He system have been extensively studied with the
TO technique; for a recent work see Hunt et al.16
The effects of annealing were investigated in a sample
that had been subject to the maximum strain. An initial
annealing of this sample took place at a temperature of
0.820 K for a period of 19 hrs. During this time the period
decreased 0.6 ns. Following this anneal, the temperature
was lowered to 20 mK. The data obtained while warm-
ing from this temperature to 1.2 K are shown in Figure
5. The sample was further annealed at 1.2 K. Raising the
temperature to 1.4 K resulted in an almost discontinu-
ous decrease in the TO period. Finally, the sample was
held at 1.6 K for a period of 4 hrs without any further
obvious relaxation in the period. The sample was then
cooled again to 20 mK. At the lowest temperature the pe-
riod of the annealed sample returned to within 1 ns of the
pre-annealed value. In contrast, at 400 mK the period
difference between the pre-annealed sample and the final
annealed sample was 11 ns. Although, the dislocation
lines introduced at 250 mK by plastic deformation can
FIG. 5: Period data for a series of temperature sweeps, in-
cluding high temperature annealing, are shown as a function
of temperature.
be readily removed by annealing at temperatures above
1 K, it is also clear that there are other forms of disor-
der in the sample that are less susceptible to annealing;
it is interesting to note, however, that the influence of
the remaining unannealed disorder freezes out over much
same temperature range, below 0.2 K, as does that of the
induced dislocation lines.
The most important conclusions to be drawn from this
experiment are that the high temperature period of a TO
containing a solid 4He sample is strongly dependent on
the level of disorder in the sample, with an increase in
the TO period following an increase in disorder. The
period increase and the additional dissipation associated
with sample disorder both vanish at the lowest temper-
ature. An analogous low temperature behavior for the
shear modulus has been reported by Day, Syschenko, and
Beamish.17 They find the low temperature value of the
shear modulus to be relatively unaffected by additional
disorder or annealing of the sample; however, several
other aspects of their work are not in accord with the
present experiment.
Since the original KC experiments, a number of mod-
els based on non-superfluid mechanisms have been devel-
oped to explain the NCRI phenomenon. Among these
are the suggestion that a glass transition may take place
in the solid,18 the two-level system model of Andreev,19
as well as a dislocation line model, developed by Iwasa.20
In the case of an ordinary solid, the sample will be ac-
celerated by an elastic interaction with the walls. When
the ratio between the mean radius of the annulus and
the radial gap, ∆R/R, is large, as for the present TO,
the annular geometry can be approximated by paral-
lel plates separated by ∆R. The displacement of the
plates will be Rθ0 sin(ω,t), where θ0 is the maximum
angular displacement of the TO. The motion of the
4solid is governed by a wave equation, with a solution
for the angular displacement of the solid, θ(x,t) = θ0
sin(ωt) [cos(2pi∆Rx/λ)/cos(∆R/λ)], where λ = (2pi/ω)
(µ/ρ)1/2 is a characteristic wavelength and µ is an ef-
fective shear modulus of the disordered solid. The x
axis, normal to the surface of the plates, has its ori-
gin at the midpoint between the plates. The mean
angular displacement of the solid, (θ0+∆θ) sin(ωt) =
θ0 [λ/(pi∆R)] tan(pi∆R/λ)sin(ωt) and is slightly larger
by the amount, ∆θ, than θ0; (∆θ/θ0) = [[λ/(pi∆R)]
tan(pi∆R/λ) − 1]. Expanding tan(pi∆R/λ) to second
order in (pi∆R/λ), gives (∆θ/θ0)=˜ ρ(∆R
2ω2/12µ, or
µ=˜ρ(∆R2ω2/(12∆θ/θ0)). The ω
2 dependence might be
tested with a double frequency TO.
Neglecting frictional terms, the total torque acting on
the TO is τTO = −kθ(t) + τs= −ITO ω2θ0sin(ωt), where
τs= Is ω
2(θ0 + ∆θ)sin(ωt) is the reaction torque due to
the solid. ITO and IS are the moments of inertia of the
empty TO and the solid sample, respectively, and k is
the torsion constant. Solving the torque equation for
ω = 2pi/P, where P is the oscillator period, we have
P = 2pi
√
[ITO + IS(1 + (∆θ/θ0))]/k. In the standard
supersolid picture, the expression for the TO period is
P = 2pi
√
[ITO + IS(1− (ρS/ρ))]/k. Thus a decrease in
(∆θ/θ0), which might occur as a result of an increase in
the shear modulus. will be reflected by a decrease in the
TO period that would be interpreted as an increase in
(ρS/ρ) or the NCRIF in the supersolid scenario.
Iwasa20 has suggested that under a shear stress, σ,
there will be an additional displacement strain due to
dislocation line motion,  = [(ΩΛ)/(piρω0
2)]σ, where Λ
is the line density, Ω is an orientation factor, and ω0
is the resonant frequency for a pinned dislocation line.
This equation serves to define an effective shear mod-
ulus µ’ = (piρω0
2)/(ΩΛ). Substituting this value for µ
in the previous expression for (∆θ/θ0), gives (∆θ/θ0) =
(ΩΛ∆R2ω2)/(12piω0
2). The frequency of pinned lines,
ω0, depends on the length of line between pinning cen-
ters that will, in turn, will depend on details of the sam-
ple. As an example, taking 5 µm as the separation be-
tween pinning centers, ω0 = 1.6 x 10
7 Hz. A 1% shift in
(ρS/ρ), or (∆θ/θ0) = 10
−2 would require ΩΛ = 2.3 x 1010
lines cm−2. This value for the line density is several or-
ders of magnitude larger than that observed in ultrasonic
experiments.10−13 In the Iwasa model, the decrease in pe-
riod at low temperatures results from additional pinning
by 3He atoms that condense on the lines as the temper-
ature is lowered. Shorter lines will have higher resonant
frequencies and a reduced ∆θ/θ0. Above approximately
200 mK, depending on the 3He concentration in the sam-
ple, the 3He atoms will evaporate and the TO period will
become relatively independent of temperature.
Iwasa’s model has attractive features, however, the
large value required for the line density may be a prob-
lem; it is also difficult to see how dislocation line mo-
tion might account for the observed NCRI in the case of
solid 4He contained in porous Vycor glass1 where the line
length would be restricted to the pore size of 10 nm. In
addition, a model based solely on dislocation line dynam-
ics does not incorporate the effects of quantum statistics
that may be required to explain the absence of an ob-
servable NCRI in hcp 3He.9
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